The numerical computations were conducted using the CFD-CHEMKIN computational program. A cell-centered control volume approach was used, in which the discretized equations or the finite difference equations (FDE) were formulated by evaluating and integrating fluxes across the faces of control volumes in order to satisfy the continuity, momentum, energy and mixture fractions conservation equations. The first order upwind scheme and the well-known SIMPLEC algorithm were used. The standard k-ε model was used to close the set of equations.
A1 Computational Model
Based on the geometric model and boundary conditions applied in the previous phase of the project, the numerical computations were conducted using the CFD-CHEMKIN computational program. A cell-centered control volume approach was used, in which the discretized equations or the finite difference equations (FDE) were formulated by evaluating and integrating fluxes across the faces of control volumes in order to satisfy the Favre-averaged continuity, momentum, energy and mixture fractions conservation equations (Eqs. 1, 2, 4 and 9, respectively). The first order upwind scheme was used for evaluating convective fluxes over a control volume. The well-known SIMPLEC algorithm, proposed by Van Dooormal and Raithby 1 , was used for velocity pressurecoupling. SIMPLEC stands for "Semi-Implicit Method for Pressure-Linked Equation
Consistent", in which an equation for pressure correction is derived from the continuity equation. The standard k-ε model was used to close the set of equations.
A2 Governing Equations
The code CFD-ACE+ employs a conservative finite-volume methodology and accordingly all the governing equations are expressed in a conservative form in which tensor notation is generally employed. The basic governing equations are for the conservation of mass, momentum and energy:
Continuity equation:
where u j is the j th Cartesian component of velocity and ρ is the fluid density.
where p is the static pressure, τ ij is the viscous stress tensor and f j is the body force. For Newtonian fluids τ ij can be expressed as:
where µ is the fluid dynamic viscosity and δ ij is the Kronecker delta.
Energy Equation:
The equation for the conservation of energy can take several forms. The static enthalpy form of the energy equation can be expressed as:
where J mj is the total (concentration-driven + temperature-driven) diffusive mass flux for species m, h m represents the enthalpy for species m, and q j is the j-component of the heat flux. J mj , h m and h are given as:
where D is the diffusion coefficient, C p is the constant-pressure specific heat, and h f o is the enthalpy of formation at standard conditions (P o =1 atm, T o =298 K).
The Fourier's law is employed for the heat flux: (8) where K is the thermal conductivity.
Mixture Fractions:
where D is the diffusion coefficient, f k is the mixture fraction for the k th mixture.
A3 Chemistry/Reaction Model
The reaction model used by CFD-ACE+ was the instantaneous chemistry model in which the reactants are assumed to react completely upon contact. The reaction rate is infinitely rapid and one reaction step is assumed. Two reactants, which are commonly referred to as "fuel" and "oxidizer", are involved. A surface "flame sheet" separates the two reactants (this assumption can be made only for nonpremixed flames). The mass fractions for this model are computed by first using Eq. 10 to obtain the composition that would occur without the reaction. The "unreacted" composition, denoted by the superscript "u", is given by
where ξ ik is the mass fraction of the i th species in the k th mixture, Y i is the mass fraction of the i th species and f k is the mixture fraction of the k th mixture. The change in composition due to the instantaneous reaction is then added to the unreacted mass fractions, as described below.
A stoichiometrically correct reaction step needs to be specified. The mass of species i produced per unit mass of fuel consumed is The right-hand side of the above equation is only a function of the K mixture fractions.
Therefore, K-1 transport equations were solved for the mixture fractions. These equations have no source terms due to chemical reactions (for more details see Qubbaj 2 ).
In this analysis no chemistry model is introduced for the prediction of NO x formation, and nitrogen is assumed to be chemically inert. NO x is typically present in very low concentrations in the range of tens to hundreds of parts-per-million (ppm) and therefore has a negligible impact on the major physico-chemical process in combustion. Moreover, NO x chemistry is orders of magnitude slower compared to the reaction rate of the fuel. NO x formation is therefore not directly influenced by turbulent mixing; rather it is influenced by mean concentration levels of the primary constituents in the mixture. For this reason, NO x related computations are typically done in a post-processing phase. Even without a NO x model, often very useful qualitative information can be gained by studying various aspects of the numerical solution. For example, a high flame temperature and excess amounts of oxygen in the exhaust gases may be indicative of high NO x emission levels. Figure 1 shows the radial temperature profiles for baseline, cascaded, air-swirling, and swirling-cascaded flames in the near burner region, which corresponds to an axial location of x/d=4.63. This near burner region is of primary interest in this study since this is the area where most of the mixing and reactions take place. From the temperature profiles, the following observations can be made: (i) the off-axis peak exists in all cases, however, its radial location moves further inward in the cases of swirl and cascade and outward in the swirl-cascade; (ii) the peak temperature of the air-swirling and cascaded flames drop by 8% and 11%, respectively, from its baseline value, whereas that of the swirl-cascade increases by 8%; (iii) the swirl and cascade profiles are shifted inward towards the fuel-rich side of the flame, whereas the swirl-cascade one is shifted outward;
B. RESULTS AND DISCUSSION (Partial)
(iv) the air-swirling and cascaded flames have significantly lower temperatures in the fuel-lean side of the flame, compared to the baseline case. However, it has higher valley temperatures in the fuel-rich side. The opposite trend is seen for the swirl-cascade. Figure 2 depicts the radial concentration profiles of CO 2 at the same conditions pertaining to the earlier temperature profiles. The existence of off-axis peaks, their radial locations, the shift of the profiles, the CO 2 concentrations in the fuel rich and fuel-lean sides, all follow the temperature profiles and similar explanations apply. This is reasonable, since CO 2 is a direct combustion product, which depends primarily on temperature and stoichiometry of the flame.
D. CONCLUSION (pending)
The analysis of the above results is still underway, the conclusions will be made soon 
